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Abstract

The elevation change data measured at the West Hackberry SPR site over the last 14+
years has been studied and a model utilized to project elevation changes into the future.
The subsidence rate has decreased with time due to instituting maintenance of higher
operating pressures for caverns (since about 1990) and the normal decrease in creep
closure rate of caverns with time. However, the subsidence at the site is projected to
continue. Asaresult, low lying regions exist and the extents of these regions are
projected to increase with time. These low lying regions are susceptible to inundation
with water from Black Lake and/or hurricane storm surges. Thiswork may assist DOE in
planning the construction and location of mitigative measures for flood control.
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Introduction

The subsidence monument elevations at the West Hackberry SPR site have been
surveyed 15 times beginning in January 1983. The earlier survey data has been most
recently reported on by Osnes (1995). This report provides an update which includes
additional measurements completed in the past two years. The changes in eevation, the
rates of subsidence, as well as projections of future elevation changes are presented. Of
gpecific interest to the DOE at West Hackberry is the subsidence of the land surface
because part the siteis close to sealevel.

Elevation data represents the raw data. The most recent data set included 143 data
points. The number of data points varies from year to year because it is a function of
ability to find monuments, destruction of monuments, damage to monuments, etc. The
measurements have been made at various time intervals; the current time interval is about
ayear.

In practice, measurements of subsidence are difficult at best. At West Hackberry the
reference is an off-site benchmark. This introduces error in traversing the distance to the
dgte. Since 1988, the leveling surveys have been performed to Second-Order First-Class
accuracy, with alowable vertical closure not to exceed 6 mm/km® (approximately 0.025
ft/mile®). The standard errors in elevation for pre-1990 survey points are greater than
0.037 ft and 0.069 ft at 95 per cent and 50 per cent of the points, respectively (Osnes,
1995).

At West Hackberry and SPR sites in general, elevation changes are measured because they
document surface subsidence resulting from creep closure of caverns. Genera subsidence
on the scale of the site or portions thereof is seen in the survey data taken. This type of
subsidence will capture gross effects of creep closure of underground openings in
response to the state of stress.

Localized subsidence is sometimes observed and reported to be seen by workers at the
site because the survey measurements at the site are only made annually. However the
detailed long term subsidence provided by the surveys is important, especially because it
permits the long term extrapolation of elevation changes into the future. In the following
presentation, important elevation values are +2.5 feet, the mean elevation of Black Lake
which abuts the site and +4.5 feet, the estimated hurricane storm surge. Changes resulting
in elevations approaching these values will represent a threat of flooding of portions of the
site.



Results and Analysis

Results of 14+ years of measurements are presented in Table 1 and graphically in Figures
1-4. All elevation data are printed in Table 1 in feet above sea level. The absolute values
of vertical displacements and the elevations are of interest. The site has subsided during
the past 14+ years as seen in Figures 1-4. The average subsidence for the past 14+ years
over the whole site is about 2 feet, with locally greater values. The northern area of the
site occupies the lowest elevations. More subsidence has occurred and greater subsidence
rates are observed in the northern sector of the site. This is likely a result of a
combination of cavern creep closure and oil production from the fields in and around
Black Lake. The central portion of the site remains relatively high with average elevations
greater than 10 feet.

The contour maps were generated with a commercialy available plotting routine. The
program generates a map, and contours it by developing a symmetric matrix of
information that fills a rectangular shaped area based on the input information. It is
important to understand that the program creates contours based on the mathematical
rules assigned. The program also creates (extrapolates based on mathematical rules)
contours in map areas where there are no data. In some cases the extrapolation can be
misleading. This is quite evident for the 1000' x 3000" area on the southwest and
southeast sides of the maps where the contours are angular. The exact placement of these
contours in the area is uncertain because of sparse data in this region. The greatest
confidence is in contours drawn through map areas with abundant data as depicted by (+)
on the plots.

It should be noted that the survey stations are located in some cases on the well head
flanges. The flange elevations may be higher than the surrounding ground; actual contours
of the ground surface may be lower than represented here.

The rate of subsidence is calculated by dividing the amount of elevation change in atime
period by the time span of the period in years. The rate of subsidence has decreased
during the measurement period. For the first five years of measurement the site was
subsiding at about 2-3 inches per year, whereas for the past 3-4 years the rate has dropped
off to 1-2 inches per year (compare Figures 5 and 6 and see Table 2). This decrease is
probably due to the operationa procedure adopted of maintaining the caverns at relatively
high operating pressure and the corresponding decrease in creep closure rate of the
caverns with time. Transient creep effects are also diminishing with time (Ehgartner,
1992).

An attempt was made to evaluate data quality. Inspection of the data shows some to be
suspicious. For example, vertical movements of more than a few inches were sometimes
recorded from one year to the next. Some of these monuments are located on well head
flanges physically connected to other monuments that showed no movement for the same
time period. For the analyses in which values of subsidence and subsidence rate are
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considered the suspicious data points were omitted; these data points are in bold in Table
1. More than 90% of al data collected was useable for analysis purposes. Figure 7 plots
35 data sets, elevation versus time. Regardless of initial elevation, much of the data
appears to be of the same functiona form. All data was fit to a bank of possible
equations. This fitting routine chose a first order exponential decay as the best
mathematical representation of the data of the form:

Y = Yo + Ale—(X—Xi )ty

where Y and Y, represent elevation, A; is a constant, x and xi are time, and t1 is a fitting
parameter.

Examples of the first order exponential decay representations are given in Figure 8a-c.
Mathematicaly the data is well fit by this function. The first order exponential decay
function was fit to each data set *. This allowed the data to be projected into the future
with confidence. Table 3 contains fitting parameters for equations fit to data for each
measurement station alowing the reader to make projections to any time in the future.

! Some of the monument stations are represented by measurements taken for the past 4 - 8
years. In order to develop a meaningful time versus elevation relationship, an elevation
needs to be defined at aredlistic value for atime of zero. Since the average subsidence for
the site was about 2 feet since January 1983, 2 feet was added to the 10/96 elevation to
provide arealistic estimate to define the curve at zero time. Through analysis it was found
that varying the zero time elevation up from 2 feet to 5 feet did not make an appreciable
difference (less than 0.1 feet) in the predicted elevation in 2007.
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The projected elevations for 2007 are presented in Figure 8. The low elevation regions at
the site are projected to increase in area as compared to 1996 data (Figure 4). In Figures
9 and 10 the contour interval has been changed to 2.5 feet for illustrative purposes. In
these figures the boundary separating the dark and light blue (4.5 feet) marks the elevation
for the estimated hurricane storm surge. The area that includes Caverns 7, 111, and 113
are reasonably susceptible to flooding now, and Caverns 110, 114, 115, and 116 will be
susceptible to flooding in the future. Thus current areas of concern are clearly depicted as
well as areas of future concern.

West Hackberry Projected Elevations: 2007

0 - 20
20 - 40
B 40 - 60
B0 — 8D
8.0 - 10
BEE 10 - 12
12 - 14
B 14 - 16
B 15 - 18
18 ~ 20
20 - 22
22 — 24
T 24 — 26
[ 26 — 28
Cavarn Locations

+  Mhonument Locations

Figure 8. West Hackberry site projected elevations (feet) for the year 2007. The yellow
circles center on DOE cil storage caverns, the black crosses represent elevation monument
stations. The contour interval is 2 feet.
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Discussion and Conclusions

The elevation change data at the West Hackberry SPR site has been studied and a model
utilized to project elevation changes into the future. This work may assist DOE in planning
the construction and location of mitigative measures for flood control. There exists
situations related to possible indications of the low elevations at the West Hackberry site
and the predicted elevations suggest mitigation will be required, if not now then in the
future. The results presented indicate that two caverns (111 & 113) are currently
susceptible to flooding, four caverns (7, 110, 114, & 116) are bordering on being
susceptible. These four and caverns 6 and 115 will be susceptible to flooding in ten years
or less.

Operationdly it is prudent to continue the practice of maintaining the caverns at relatively
high operating pressure. The measured subsidence rate is increased for time periods when
higher cavern pressures were not maintained, and decreased for time periods when
relatively high cavern pressures were maintained.

The results of analyses warrant the following conclusions:

Low lying regions exist and the extents of these regions are projected to increase with
time. For example caverns 111 and 113 are reasonably susceptible to flooding now,
and caverns 6, 7, 110, 114, 115, and 116 will be susceptible to flooding in ten years,
some sooner than others.

These low lying regions are susceptible to inundation with water from Black Lake
and/or hurricane storm surges.

The subsidence rate has decreased with time due to relatively high operating pressures
of caverns and the decrease in creep closure of caverns with time.

The subsidence at the site is projected to continue, however, if the cavern pressure is
maintained at current levels, the subsidence rate can be expected to dightly decrease.
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West Hackberry Elevation Data

January 1983-October 1996
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Table 2
West Hackberry Calculated Subsidence and Subsidence Rate Data

January 1983-October 1996
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Table 3

Fitting Parameters for Long Term Subsidence Prediction

The fitting parameter X, (x; at time = 0) is equal to zero for all predictions.
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Pt. ID.

O oAWK hsWN-—

Well 6

Well 6a
Well 6b
Well 6¢
Well 7

Well 7a
Well 7b
Well 8

Well 8a
Well 8b

EAST

4495.5
4535.3
4410.6
4409.9
4318.2
4310.6
4425.1
4521.7
4590.1
4606.0
4885.0
4884.8
4874.1
4823.8
4874.1
4823.7
4772.6
4880.2
4880.1
4772.5
4880.0
4823.6
4880.0

4823.6 -

5480.1
5480.3
4551.8
4550.9
45529
4508.9
4508.2
4508.2

4959.3
4959.0
5108.6
4805.5
6083.9
6084.2
6134.0
52823
53293
5376.9

NORTH

19728.6
19744.8
20079.1
20222.5
20289.5
20304.8
20470.1
20470.2
20450.8
20410.1
20407.9
20369.8
20349.0
20320.8
20291.0
20270.6
20242.1
20154.0
20138.1
20049.9
19996.2
19961.8
19926.2
19891.8
19770.2
20488.8
21183.4
21039.0
20823.8
20823.4
21038.9
21188.8

22433.8
22298.3
22343.0
22343.1
22031.2
22104.0
220194
21308.0
213243
21341.7

Yo

19.04899
19.10037
19.84932
20.12046
18.47026
18.47939
18.59509
18.83469
18.75885
18.59227
21.22726
21.23431
20.91666
20.82917
20.84722
20.74033
28.48662
28.66834
27.73131
27.65089
21.47702
21.42711
21.3756

21.48609
22.10408
19.6124

15.60759
16.05371
14.99544
15.93924
16.05207
15.51934

3.33337
6.0979
3.60029
3.53932
441944
3.6434
3.54283
-46.40777
11.45945
11.23345

A

2.717%4
2.68022
2.77006
2.54095
3.08713
3.1136
3.10631
2.84288
2.93562
3.07444
3.05738
2.99989
3.26928
3.37794
3.36909
3.45254
3.10337
2.89911
2.83727
2.90376
2.69664
2.67711
2.76724
2.63992
2.561
471184
3.17372
3.08104
3.21993
3.14116
2.70181
3.21653

2.71528
2.65891
2.62296
2.80631
1.5549
1.56349
1.58839
60.83844
2.63503
2.8759

tl

154.3842
149.59436
141.34977
113.34691
152.95448
152.90129
147.70182
132.31099
147.12119
156.85924
175.5789
181.44918
202.33681
209.8873
213.44391
214.96423
179.57359
168.77261
166.23117
176.86737
159.07063
154.39849
167.83172
152.95099
140.7155
262.22199
148.135471
141.06362
159.21839
147.08477
121.94077
148.78438

141.55407
132.71952
143.33264
133.63941
103.43618
82.43133
108.4644
5717.19913
153.42614
186.23825
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Pt. I.D.

Well 9
Well 9a
Well 9b
Well 11
Well 11a
Well 11b
Well 101
Well 102
Well 103
Well 104
Well 105
Well 106
Well 107
Well 108
Well 109
Well 110
Well 112
Well 113
Well 114
Well 115
Well 116
Well 117a
Well 117b

BM1

BM4

BMS

BM8

BM11
BMI12
BM13
BM14
BM15
SMSI
SMS2
SMS3
SMS4
SMS5
SMS6
SMS7

WH 1
WH 2

EAST

4819.5
4761.1
4695.3
5109.3
5107.8
5111.6
3965.7
3343.5
3959.0
3335.1
3957.9
3258.7
3349.6
4764.3
3960.3
3957.6
5514.1
2659.8
2659.6
3307.4
1911.2
4230.1
4230.0

4900.0
4400.0
4900.4
4435.1
4583.9
3578.6
3579.1
3579.1
3579.1
5035.3
4955.9
6338.0
4875.7
1727.0
35219
3371.5

5577.7
5361.7

NORTH

21727.0
21583.4
21716.1
18925.1
18974.5
18876.8
20291.5
20640.5
21015.3
19890.7
19515.4
19139.5
21390.2
18186.0
21764.5
22514.5
18185.7
22501.6
21764.6
221393
21820.5
18680.0
18680.0

18640.6
20600.0
21300.1
19308.1
18977.7
18977.9
19758
20398.6
21300.0
18209.9
19731.1
21695.5
21829.9
22103.2
20960.9
19379.4

17903.3
18208.7

Yo

-19.14788
9.64164
9.04183
8.68886
10.2726
10.86667
16.38568
13.57125
13.77991
15.27542
15.84392
14.60471
12.72795
6.31173
7.11961
4.88643
5.1384
7.33692
4.3585
3.91427
5.79261
5.10964
11.0368

8.86434
15.56735
13.24252
14.98764
10.13198
13.76623
19.93177
15.72725
14.05401
8.76542
16.58251
1.91097
3.07146
3.64195
13.35817
18.85253

9.42682
5.37873

A,

33.98343
2.94279
2.94429
2.23058
1.92861
2.33079
3.398457
3.48089
3.36919
3.4483
2.87212
2.65807
3.13974
1.72881
3.49393
3.12688
3.00942
1.14903
3.214934
3.49736
3.41751
3.02586
1.57484

1.78753

1 3.29471

2.95949
2.53279
231267
2.58141
3.60924
3.36015
3.46888
1.37751
2.53569
1.64768
5.01898
3.06494
3.74645
2.51185

2.05295
2.07069

t1

1357.79476
131.07755
128.74907
203.50112
167.10788
220.95726
166.13549
149.85348
144.46256
187.61195
160.12379
150.50444
107.30507
178.3349
139.00836
123.40922
119.30258
100.74653
115.77566
132.28276
109.90291
124.16791
187.55137

148.35082
162.52275
150.94359
159.28126
169.60758
176.49276
225.42546
156.96739
138.87841
139.89022
153.20174
162.72086
272.89622
145.62278
168.11477
143.31415

47.99537
51.012
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Pt. ID.

WH 3
WH 4
WH 5
WH 6
WH 7
WH 8
WH 9
WH 10
WH 11
WH 12
WH 13
WH 14
WH 15
WH 16
WH 17
WH 18
WH 19
WH 20
WH 21
WH 22
WH 23
WH 24
WH 25
WH 26
WH 27
WH 28
WH 29
WH 30
WH 31
WH 32
WH 33
WH 34
WH 35
WH 36
WH 37
WH 38
WH 39
WH 40
WH 41
WH 42
WH 43
WH 44
WH 45

EAST

4829.4
4562.1
4288.8
4072.2
3740.7
3409.1
3879.8
3678.9
3410.6
3880.7
34143
3727.1
3883.8
34249
37151
3881.2
3700.8
3881.0
35125
3268.1
3266.6
32475
2959.1
2720.8
2701.8
2376.0
1881.9
1851.5
5585.4
5545.9
5164.8
4896.7
4669.7
4668.4
4856.6
4639.5
4642.0
42948
4307.0
4314.8
4468.3
5113.2
5045.4

NORTH

18207.8
186194
18759.8
19157.9
19441.8
19187.4
19451.6
19837.0
19846.7
20210.6
20600.1
20709.6
20973.8
213515
21353.7
21704.4
219278
22452.7
22356.0
22208.8
22505.3
22789.0
22339.6
224203
21841.0
22335.5
22343.0
21906.3
18457.7
19062.2
19418.8
19673.7
19942.7
20335.6
20438.8
20710.5
21103.4
21373.0
219742
22366.7
22397.2
22280.6
21936.5

Yo

4.89841
10.28646
9.26621
12.9022
18.09276
15.54996
14.26068
18.29176
13.32764
14.36851
10.58907
13.65948
10.46643
8.94167
11.86936
4.64773
7.95567
2.14753
2.50119
2.80067
2.14296
24272
0.70174
1.09775
2.04999
1.492
2.10583
2.41425
8.33873
10.55798
15.20243
17.43788
16.92633
16.14443
15.38134
14.89484
13.28302
11.92735
7.67922
5.86515
5.42784
3.30386
8.27024

A

2.18177
2.21151
2.29125
2.61618
2.87468
2.71841
2.71603
3.33644
3.15918
3.26938
3.83792
3.339
4.06069
427517
4.24639
3.80857
4.48213
3.03878
3.33486
3.53555
3.28393
2.92963
3.34365
3.36878
3.7464
2.94523
2.65203
2.97465
2.07018
2.08978
2.23406
2.46921
2.65014
2.87286
2.84583
3.05281
3.11375
4.70481
3.30773
297157
2.80887
2.52303
2.67609

tl

56.25559
73.29703
83.56897
114.68396
139.74661
124.34977
125.03372
179.29109
164.72939
174.19509
222.95938
187.40731
242.1485
261.16982
259.40583
220.78958
277.51163
156.35921
181.27635
199.64442
176.69616
145.07639
183.90411
234.88747
216.31579
145.73518
118.62568
146.93826
53.18755
59.0959
78.19887
101.47363
118.97973
138.7803
136.98284
154.90019
161.51066
292.88497
177.98137
148.95701
134.0994
107.5375
122.5101
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Pt. ID.

WH 46
WH 47
WH 48
WH 49
WH 50
WHSI1
WH 52
WH 53
WH 54
WH 55
WH 56
WH 57
WH 58
WH 59
WH 60
WH61
WH 62
WH 63
WH64
WH 65
WH 66
WH 67
WH 68
WH 69
WH 70
WH 71
WH 72
WH 73

EAST

4693.1
5513.8
5862.4
5174.4
5524.1
5232.4
5577.8
5573.7
5566.0
5575.5
5576.4
4311.0
4312.0
4989.1
38183
4022.8
29729
3109.0
3105.9
1651.0
1722.9
31289
3802.4
4691.5
6002.5
6320.2
6734.6
5585.2

NORTH

21854.8
21859.0
21925.5
21394.9
20609.7
20535.9
20203.0
19862.6
19492 4
201313
20808.0
20783.9
21142.6
19017.9
17980.6
18855.8
18856.2
20251.6
214393
214425
22694.9
22732
22716.2
22537.5
222578
22263.9
21066.0
21050.9

Yo

10.26351
7.98716
5.21848
11.82656
15.21313
18.11312
12.91006
14.61502
14.66404
13.53574
12.75863
12.8332
13.39234
11.47615
6.10691
11.58053
14.47227
13.07429
9.47907
5.72909
0.88913
-0.49105
-1.34022

1227973

1.26397
1.99413
2.57972
9.85039

A,

2.88155
2.29895
2.20904
2.6699
2.40324
2.54161
2.28657
2.39328
2.16347
2.28104
230737
4.73
3.01514
2.19156
2.34307
2.83947
2.90772
4.56585
6.92104
3.14096
2.93088
4.5011
4.83022
4.02032
2.76603
2.65583
2.30027
3.36962

tl

142.54376
86.92097
75.18602
121.6748
96.25628
110.86374
82.44124
88.02273
67.55508
81.25985
86.94685
293.46732
161.89568
7237772
85.46598
134.0027
139.89374
280.88154
476.37054
159.70604
140.89063
276.12863
303.92406
235.08372
126.3368
116.63152
79.684
180.28181
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Distribution:

U.S. DOE SPR PMO (8)

900 Commerce Road East

New Orleans, LA 70123

Attn:  J.C. Kilroy, FE 443
G.B. Berndsen, FE 443.1
N. Shourbaji, FE 4421
J. Culbert, FE 443
R.E. Myers, FE 4421 (2)
C. Dobson, FE 444
G. Pauling, FE 4421

U.S. Department of Energy (1)
Strategic Petroleum Reserve
1000 Independence Avenue SW
Washington, D.C. 20585

Attn:  D. Buck, FE 421

U.S. Department of Energy (4)
Strategic Petroleum Reserve

900 Commerce Road East

New Orleans, LA 70123

C. Bellam, FE 4421.1, DOE SPR BM
R. Francoeur, 4421.2, DOE SPR WH
A. Fruge, FE 4421.2, DOE SPR BH
J.C. Morris, FE 4421.5, DOE SPR BC

DynMcDermott (7)
850 South Clearview Parkway
New Orleans, LA 70123
Attn: K.E. Mills, EF 20
G. Hughes, EF 22
J. McHenry, EF 25
J. Barrington, EF 31
F. Tablada, EF 70
H. Bakhtiari, EF BM
J. Perry, EF BH

PB-KBB Inc.

11767 Katy Freeway
P.O. Box 19672
Houston, TX 77224
Attn: S. Raghuraman

Sandia Internal: (31)

MS 0701 R.W. Lynch, 6100

MS 0706 J K. Linn, 6113 (10)

MS 0706 S.J. Bauer, 6113 (5)

MS 0706 B.L. Ehgartner, 6113

MS 0706 T.E. Hinkebein, 6113

MS 0706 B.L. Levin, 6113

MS 0706 S.E. Lott, 6113

MS 0706 D.E. Munson, 6113

MS 0706 AR. Sattler, 6113

MS 0706 C.V. Williams, 6113

MS 9018 Central Tech. Files, 8940-2

MS 0899 Technical Library, 4916 (5)

MS 0619 Review and Approval Desk,
12690 for DOE/OSTI (2)
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